A previous polymerase chain reaction based survey for the occurrence of the intron in chloroplast gene rpoC1 revealed its absence in one of the eight species of Medicago (Fabaceae; Trifolieae) examined. We extend the survey of Medicago to include 65 of the 86 species, representing all 12 sections and seven of the eight subsections recognized in the most recent comprehensive treatment of the genus. Our results indicate that 17 species from five sections lack the intron and that three of these sections are heterogeneous with regard to intron content. DNA sequencing across the rpoC1 intron-exon boundary in three of these species reveals the precise excision of the intron from the gene. Phylogenies derived from nuclear ribosomal DNA internal transcribed spacer sequences, estimated using maximum parsimony and maximum likelihood methods, suggest that most of the previously recognized sections in Medicago are not monophyletic as currently circumscribed. Furthermore, these results suggest that the rpoC1 intron has been lost independently a minimum of three times during the evolution of the group. The occurrence of multiple independent intron losses severely reduces the utility of this character as a phylogenetic marker in Medicago.
Introduction
Major structural rearrangements of the chloroplast genome, such as changes in gene order and intron presence, can provide useful characters for phylogenetic reconstruction (Downie and Palmer 1992) . Intron loss characters have been used to circumscribe taxa at the generic, tribal, familial, and ordinal levels (Downie et al. 1991 Doyle et al. 1995; Bailey et al. 1997; Lai et al. 1997; Campagna and Downie 1998) . At lower taxonomic ranks, however, the utility of intron losses in demarcating monophyletic groups is not as clear. Owing to the conservative nature of chloroplast DNA (cpDNA) structural evolution among photosynthetic angiosperms (Palmer 1991) , often only one exemplar from a genus is included in a survey for such characters.
A previous PCR (polymerase chain reaction) based survey for the occurrence of the intron in chloroplast gene rpoC1 across a broad representation of angiosperm species revealed its absence in a minimum of six independent lineages, including one of the eight species of Medicago L. examined . The genus Medicago (Fabaceae; Trifolieae) consists of 86 annual and perennial species (and 18 infraspecific taxa) divided most recently into 12 sections and 8 subsections (Small and Jomphe 1989; Small 1990a Small , 1990b Small and Brookes 1991) . The genus is important economically and includes many forage and cover crops, such as alfalfa. The variable presence of the rpoC1 intron in Medicago cpDNAs provides an opportunity to assess the utility of intron loss in documenting monophyly of taxa below the generic level.
In this study, we report results of a survey of the occurrence of the rpoC1 intron in Medicago. To assess the utility of intron loss as a phylogenetic marker, the distribution of this character is evaluated against a phylogeny for the group inferred on the basis of phylogenetic analyses of nuclear ribosomal DNA internal transcribed spacer (ITS) sequences. Relationships within Medicago are inferred based on these ITS sequence data and the distribution of rpoC1 intron loss.
Methods

Plant material
A total of 68 accessions (65 species) of Medicago, representing all 12 sections and seven of the eight subsections recognized by Small and Jomphe (1989) , was obtained from various sources (Table 1) . Material was unavailable for the rare Medicago retrorsa (Boiss.) E. Small, the only member of section Buceras subsection Deflexae. Plant material was obtained either directly from the field, from plants cultivated from seed at our respective institutions, or from our herbarium specimens. Total genomic DNAs were isolated from fresh leaf or herbarium material using a slightly modified version of Doyle and Doyle's (1987) CTAB procedure. Upon the addition of 1.0% sodium bisulfite and 1.0% polyvinylpyrrolidone (PVP) to the 2× CTAB isolation buffer, approximately 30 mg of leaf tissue was ground in a mortar with pestle. The grindate was incubated at 60°C for 30 min prior to treatment with chloroform -isoamyl alcohol. Dried herbarium leaf tissue from samples as old as 25 years yielded DNAs suitable for PCR and sequencing.
RpoC1 intron analysis
All 68 available accessions of Medicago were surveyed for the presence or absence of the plastid rpoC1 intron. Included were M. sativa ssp. sativa, previously reported to contain the intron, and M. suffruticosa ssp. leiocarpa, previously reported not to contain the intron ; Fig. 1 ). For each genomic DNA, the entire rpoC1 intron (if present) and portions of its flanking exons were amplified using the PCR technique (Fig. 1) . Details of the amplification reactions were the same as those presented in , with the exception of an increase in the MgCl 2 concentration from 1.5 to 3.0 mM. Information on primer construction and their precise locations in the tobacco (Nicotiana tabacum L.) chloroplast genome is presented in ; both primers were designed to anneal to the highly conserved 5′ and 3′ exon regions of the rpoC1 gene. Each PCR reaction proceeded as follows: (i) 1 min at 94°C; (ii) 1 min at 53°C; and (iii) 1 min at 72°C. The first cycle was preceded by an initial denaturation step of 30 s at 94°C. A 10-min 72°C extension period followed completion of the 35 thermal cycles. Each set of reactions was monitored by the inclusion of positive (M. sativa ssp. sativa and M. suffruticosa ssp. leiocarpa) and negative (no template) controls. The ensuing PCR fragments were separated by electrophoresis in 1% agarose gels, stained with ethidium bromide, and sized against EcoRI-HindIII digested lambda DNA standards and (or) the positive controls. Successful PCR amplifications resulted in a single DNA band of about 1100 base pairs (bp) when the intron was present or about 400 bp when the intron was absent and precisely excised (Fig. 1) . To characterize the precise point of excision of the intron, small-sized PCR products were sequenced for two taxa (Table 1) . The PCR product from a third intronless taxon, M. suffruticosa ssp. leiocarpa, was sequenced previously . The sequencing strategy used was the same as outlined in . In the present study, only material of Medicago was examined for rpoC1 intron loss. The plesiomorphic state for Medicago is assumed to be presence of the rpoC1 intron. This intron is present in the chloroplast genomes of most land plants, including single representatives from Fabaceae genera Acacia, Albizia, Caesalpinia, Calliandra, Enterolobium, Glycine, Inga, Lablab, Lysiloma, Phaseolus, Pisum, Pithecellobium, and Trifolium (Downie et al. 1996) .
ITS sequence analysis
Complete sequences of the two ITS regions of 18S-26S nuclear ribosomal DNA were obtained for 60 of the 68 Medicago accessions examined for rpoC1 intron loss (Table 1) . Details of the DNA purification, PCR amplification, and sequencing strategies used are the same as described in . In summary, the sequence data were obtained through direct manual sequencing of double-stranded templates derived from the PCR procedure. Forward primers ITS 3 and ITS 5 and reverse primers ITS 2 and ITS 4 (White et al. 1990) were each used in the sequencing of each template DNA. Both spacer regions were sequenced in their entirety on both strands. All sequences were aligned manually. Because sequence data for the intervening 5.8S gene were incomplete for many taxa, only the two spacer regions were included in the analysis. These ITS data have been deposited with GenBank (see Table 1 for GenBank accession numbers for separate ITS 1 and ITS 2 sequences) and the complete aligned data matrix can be obtained directly from the authors. Pairwise nucleotide differences were determined using the distance matrix option of PAUP (version 3.1.1; Swofford 1993). These divergence values were calculated simply as the proportion of divergent sites in each direct pairwise comparison with no provision made to account for multiple hits.
Phylogenetic analysis
The resulting DNA sequences, together with the published ITS sequences for putative outgroups Trifolium nanum Torr. and Trifolium longipes Nutt. var. neurophyllum (Greene) Martin ex Isely (Sanderson and Wojciechowski 1996) , were analyzed using maximum parsimony (MP) and maximum likelihood (ML) methods. Using PAUP, the length of the shortest trees was determined by initiating 500 random addition replicate searches, with TBR branch swapping and MUL-PARS selected, but saving no more than five of the shortest trees from each search. These trees were then used as starting trees for TBR branch swapping, with a MAXTREE limit of 5000. All character state changes were weighted equally. Bootstrap values (Felsenstein 1985) were calculated from 100 replicate analyses using a heuristic search strategy, simple addition sequence of the taxa, and TBR branch swapping. To facilitate the bootstrap analysis, a MAXTREE limit of 100 trees per replicate was set, although it is acknowledged that, because of this restriction, the values obtained may not represent the best estimate of branch support. The number of additional steps required to force particular taxa into a monophyletic group was examined using the CON-
Note: Those taxa for which nuclear ribosomal DNA ITS data were also obtained, and thus included in the phylogenetic analyses of these data, are indicated by GenBank accession numbers for separate ITS 1 and ITS 2 sequences, respectively. Asterisks show those three species whose intron absence has been confirmed by DNA sequencing. Classification of Medicago based on Small and Jomphe (1989) , Small (1990a Small ( , 1990b , and Small and Brookes (1991) . Numbers of species recognized in each section or subsection are indicated in parentheses. Material of the monotypic Buceras subsection Deflexae was not available for study.
a Abbreviations are as follows: C, ES, F, H, M, T, collection codes of E. Small; SRD, S.R. Downie; GAS, G.A. Stevenson; GW, G. Westmoreland; USDA, U.S. Department of Agriculture, Western Regional Plant Introduction Station, Pullman, Wash. Voucher specimens for USDA and Downie collections are deposited at ILL; all remaining vouchers are deposited at DAO (herbarium abbreviations from Holmgren et al. 1990) .
b rpoC1 intron region could not be PCR amplified. STRAINTS option of PAUP. Separate analysis of each spacer region was not done. Previous studies have indicated the high complementarity of spacer data and the greater phylogenetic resolution and internal support achieved in trees when both spacers are considered together than when either spacer is treated alone (reviewed in Baldwin et al. 1995) . The distribution of the number of inferred changes per character over a subset of the maximally parsimonious trees was calculated using MacClade (version 3.01; Maddison and Maddison 1992) . Gaps in the ITS sequence alignments were incorporated into the parsimony analysis by scoring each indel as a separate presence or absence (i.e., binary) character. Using the program fastDNAml (version 1.0.6; Olsen et al. 1994 ), ML trees were inferred using a transition/transversion rate ratio of 2.0, randomizing the input order of sequences, and invoking the global branch swapping search option. The heuristic analysis was repeated until three separate runs, each starting with a different random number seed, produced the same highest (least negative) log likelihood value. Empirical base frequencies were derived from the sequence data and used in the maximum likelihood calculations. Bootstrapping of the maximum likelihood data was computationally prohibitive and was not done.
Outgroup selection
Parsimony analysis of the "temperate herbaceous clade" of legumes based on ITS sequence data revealed a weakly supported clade consisting of Melilotus and Trifolium as sister to Medicago polymorpha and Medicago lupulina (Sanderson and Wojciechowski 1996) . The genera Medicago, Trigonella, and Melilotus comprise Trifolieae subtribe Trigonellinae; these genera, along with Trifolium, constitute tribe Trifolieae (Small 1987) . Medicago and Trigonella are very closely related and, until recently, Medicago sections Buceras and Lunatae were placed in Trigonella (Small 1987) .
All trees computed in this study were rooted with Trifolium nanum and T. longipes. When Melilotus officinalis (L.) Pallas and Melilotus alba Medikus replaced the two Trifolium species as outgroups, very minor changes in tree topology resulted. These changes occurred at the base of the trees, an area where branch support and resolution of relationships are poor (see Results). Material of Trigonella, arguably a more appropriate outgroup than either Trifolium or Melilotus, was not included in our investigation.
Evaluating the distribution of rpoC1 intron loss
Within the independent context of the phylogenies inferred from nucleotide sequence variation in the ITS region of nuclear ribosomal DNA, the evolutionary pattern of plastid rpoC1 intron loss in Medicago was hypothesized by Dollo parsimony optimization (Le Quesne 1974; Farris 1977 ). In the absence of studies suggesting otherwise, we make the assumption that intron loss is irreversible. Indeed, insertion of DNA into the angiosperm chloroplast genome has yet to be documented (Palmer 1991) . In contrast, multiple independent intron losses are possible, having been reported for other plastid introns in other groups of flowering plants (Downie et al. 1991 Doyle et al. 1995; Lai et al. 1997; Campagna and Downie 1998) . The STATE CHANGES and STASIS option of MACCLADE, under the assumption of Dollo parsimony, was used to calculate the exact number of intron losses across all 5000 maximally parsimonious topologies.
Results
RpoC1 intron loss
Our PCR-based survey revealed two major size categories of PCR products: the first corresponding to the presence of the intron (1100-bp product), and the second corresponding to its loss (400-bp product; Fig. 1 ). For those species possessing the intron, detectable size variation was evident in only a few species, differing in size from the M. sativa PCR product by about 50 bp or less. Of the 68 Medicago accessions surveyed, the intron was present in 47 taxa (44 species) and absent in 17 species (Table 1) 
With the exception of section Buceras, where the intron is missing from all examined representatives, and the monotypic section Geocarpa, where the intron is also absent, the three remaining sections were heterogeneous with regard to intron content. Specifically, of the 2, 12, and 34 species described for sections Lupularia, Medicago, and Spirocarpos, respectively (Small and Jomphe 1989; Table 1), one, three, and five species, respectively, lack the intron. Within section Spirocarpos, the five species lacking the intron are all in subsection Leptospireae; examined members of Spirocarpos subsections Pachyspireae, Rotatae, and Intertextae all possess the intron.
DNA sequencing of the rpoC1 intron region in M. cancellata and M. hybrida confirmed that the intron is indeed missing from this region in these taxa. A previous sequencing study revealed the absence of this intron in Medicago suffruticosa ssp. leiocarpa cpDNA . While these three taxa have been treated in the same section (Small and Jomphe 1989) , the ITS-based phylogenies (described below) suggest that M. cancellata may be distantly related to M. suffruticosa and M. hybrida. Owing to similarly sized PCR products, it is expected that all small-sized PCR products represent the loss of the intron. Furthermore, in these three taxa at least, the rpoC1 gene has undergone a precise deletion of the intron with the two remaining exons juxtaposed into a single, uninterrupted gene. This precise excision of a plastid intron is not unexpected, being reported wherever an intron is absent (reviewed in ). Such precise loss may be explained by reverse transcription of a spliced transcript, followed by homologous recombination between the intronless complementary DNA (cDNA) and the original gene (Downie et al. 1991) .
ITS sequence analysis
Of the 68 Medicago accessions examined for intron loss, 60 were included in the ITS sequencing study. With the exceptions of M. coronata and M. isthmocarpa, all species lacking the rpoC1 intron were represented. Owing to poor template quality, only partial ITS data were available for M. isthmocarpa (a region comprising some 85 bp of sequence from the ITS 1 region did not yield clean data). The ITS region of M. coronata could not be PCR amplified. Also included, as outgroups, were two species of Trifolium (Sanderson and Wojciechowski 1996) . Alignment of all 62 ITS 1 and ITS 2 DNA sequences resulted in a matrix of 467 unambiguously aligned positions; their sequence characteristics are summarized in Table 2 . Of these 467 positions, 296 (63.4%) were invariant, 99 (21.2%) were potentially informative for parsimony analysis, and 72 (15.4%) were autapomorphic. In direct pairwise comparisons across all Medicago accessions, sequence divergence values ranged from identity to 8.1% of nucleotides in ITS 1 and from identity to 7.0% of nucleotides in ITS 2. Comparisons of sequence pairs across both spacers gave divergence values ranging between identity and 6.9%. The four examined accessions of Medicago sativa possessed identical ITS sequences, as did M. monantha and M. orthoceras, M. rigidula and M. rigiduloides, and M. blancheana and M. rotata. Nucleotide sequence divergence between the two Trifolium species was 2.5%; divergence values between Trifolium and Medicago across both spacer regions ranged between 9.2 and 12.4%. Twenty gaps were introduced into the alignment: 11 were 1 bp in length, six were 2 bp in length, one was 3 bp in length, one was 4 bp in length, and one was 7 bp in length. Eleven gaps were potentially informative for parsimony analysis; five of these distinguished the two species of Trifolium from Medicago. Although ITS 1 is longer than ITS 2, both spacers contributed comparable numbers of informative nucleotide substitutions and gaps to the phylogenetic analysis. The ratio of terminal taxa (62) to potentially parsimony informative characters across both spacers (99) was 1:1.6. Relative to the number of taxa examined, the number of informative characters is small.
ITS phylogenetic analyses
MP analysis of all 62 ITS 1 and ITS 2 DNA sequences resulted in at least 5000 minimal length trees; the strict consensus of these trees, with accompanying bootstrap values, is presented in Fig. 2 . Sectional and subsectional designations of Medicago, following Small and Jomphe (1989) , are also indicated.
These trees have a length of 301 steps, consistency indices (CIs) of 0.661 and 0.547, with and without uninformative characters, respectively, and a retention index (RI) of 0.788. Bootstrap values ranged between 21 and 99%. The average number of steps per character, calculated over all 467 aligned positions and 385 of the 5000 MP topologies saved, was 0.6. Fifteen characters required a minimum of four to seven evolutionary changes over this subset of trees. When partial ITS data for M. isthmocarpa (Buceras subsection Isthmocarpae) was added to the 62-taxon data matrix and the MP analysis rerun, this species fell as sister to the clade of M. fischeriana, M. monantha, and M. orthoceras, all members of section Buceras (not shown).
Optimization of the 20 inferred alignment gaps onto one arbitrarily selected 301-step tree (open and solid circles in Fig. 3 ) revealed that the distribution of insertion and deletion events (indels) is highly consistent with the inferred phylogeny. Of the two indels distinguishing the ITS sequences of Medicago sativa, only one of these occurs in M. rhodopea. Reanalyzing the nucleotide data with the inclusion of the 20 inferred alignment gaps coded as binary characters yielded at least 5000 MP trees. These trees each had a length of 321 steps, CIs of 0.682 and 0.568 (with and without uninformative characters, respectively) and a RI of 0.795. With the exception of M. rhodopea arising as sister to the M. sativa clade, the strict consensus of 5000 of these trees had an identical topology to that seen in Fig. 2 .
When Melilotus officinalis and M. alba replaced the two Trifolium species as outgroups and the MP analysis rerun, minor changes in tree topology occurred. These changes involved the replacement of M. ruthenica at the base of Medicago (Fig. 2) with the 10-taxon clade that includes M. edgeworthii Fig. 2 . Strict consensus of five thousand 301-step trees of Medicago derived from equally weighted parsimony analysis of nuclear ribosomal DNA ITS 1 and ITS 2 sequences (CIs with and without uninformative characters = 0.661 and 0.547, respectively; RI = 0.788). Values above the nodes indicate the number of times a monophyletic group occurred in 100 bootstrap replicates. Sectional and subsectional classification of Medicago is based on Small and Jomphe (1989) ; complete taxon names are presented in Table 1 . When the putative hybrid M. cancellata is excluded (indicated by the broken line) and the analysis rerun, the resultant strict consensus tree has the same topology as that depicted here (tree length = 297 steps; CIs with and without uninformative characters = 0.670 and 0.553, respectively; RI = 0.794). Medicago ruthenica arose in a large polytomy one branch up the tree. These changes due to outgroup selection were limited to the more ancestral nodes of the strict consensus tree, areas where resolution and bootstrap support are low. The best maximum likelihood tree, calculated with a transition/transversion rate ratio of 2.0 and rooted with Trifolium, had a log likelihood of -2561.75 (Fig. 4) . While there is much concordance of relationships between the trees derived from the MP and ML analyses, some major differences occurred and include (i) the relative placement of M. ruthenica, either at the base of the strict consensus tree or positioned intermediately within the ML tree, and (ii) the placement of the 10-taxon M. edgeworthii through M. monspeliaca clade as sister to all other examined Medicago accessions in the ML tree. The clade of M. lupulina, M. lanigera, M. disciformis, M. mimima, and M. tenoreana in the ML tree is also evident in a subset of the trees (e.g., Fig. 3 ) derived from the MP analysis; in the latter, this clade is sister to M. suffruticosa ssp. leiocarpa and M. hybrida. Similarly, the 10-taxon M. edgeworthii -M. monspeliaca clade appears in all phylogenetic trees constructed.
The inclusion of taxa of hybrid origin in phylogenetic analyses has potential to impact the topology of the trees, such as distorting the pattern of hypothesized relationships among related nonhybrid taxa (Hull 1979; Funk 1985; Cronquist 1987; McDade 1992 McDade , 1995 . Of all the Medicago taxa included in our investigation, M. cancellata is the only one for which there is appreciable speculation of multispecific origin. Medicago cancellata (2n = 48) is considered to be an allopolyploid of M. rupestris (2n = 16) and M. sativa (2n = 32; Lesins and Lesins 1979; Small 1987) ; all three species are treated in section Medicago, are very similar morphologically, and are undoubtedly closely related (Small and Jomphe 1989) . Material of M. rupestris was not included in our study. Despite its name, M. hybrida is diploid (2n = 16), and no serious speculation of its possible hybrid origin exists. Fig. 3 . One of five thousand 301-step trees of Medicago derived from equally weighted parsimony analysis of nuclear ribosomal DNA ITS 1 and ITS 2 sequences (CIs with and without uninformative characters = 0.661 and 0.547, respectively; RI = 0.788). Lengths of branches are proportional to the number of inferred nucleotide substitutions occurring along them (note scale bar and truncated branch of 33 steps leading to Trifolium). The distribution of 21 indels inferred from the 20 alignment gaps is optimized on this tree; solid circles represent uniquely occurring indels, and the open circle represents a reversal. The distribution of rpoC1 intron loss (indicated by the solid rectangles) is also optimized on this tree under the assumptions that the presence of the intron is the plesiomorphic condition and that intron loss is irreversible. Based on this tree, the intron in chloroplast gene rpoC1 has been lost independently a minimum of four times during the evolution of these taxa. When the putative hybrid M. cancellata is removed from the analysis (indicated by the broken line), three such intron losses are inferred. Asterisks show those four taxa whose rpoC1 intron presence could not be determined.
Because of its hybrid nature and potential to disrupt relationships, M. cancellata was excluded from a second round of phylogenetic analyses. The results, however, were identical to those inferred from the first set of analyses but, of course, with the exclusion of this taxon (see Figs. 2-4) . The MP analysis resulted in at least 5000 minimal length trees (tree length = 297 steps excluding indels; CIs with and without uninformative characters = 0.670 and 0.553, respectively; RI = 0.794). The best maximum likelihood tree had a log likelihood value of -2535.41. Based on these analyses of ITS data, and in the absence of M. rupestris, the inclusion of M. cancellata in our initial analyses appears to have had no effect on the resultant phylogenies.
Distribution of rpoC1 intron loss
Of the 17 species of Medicago lacking the plastid rpoC1 intron (Table 1) , complete ITS sequence data are available for 15 taxa. Partial ITS data are available for M. isthmocarpa, and this species allies with Medicago section Buceras based on parsimony analysis of partial ITS sequence data. Medicago coronata was not sequenced; morphologically it is similar to M. praecox (Small and Jomphe 1989) . The number of intron losses across all 5000 MP 301-step trees, calculated using MACCLADE and optimized using Dollo parsimony, ranged between 4 and 6 (the same range was obtained when Melilotus was used to root the trees). The evolutionary pattern of intron loss, as suggested by one of these 5000 MP trees, is illustrated in Fig. 3 (solid rectangles). Here four such losses are apparent, assuming that loss of a chloroplast intron is irreversible. However, if the putative hybrid M. cancellata is removed from these trees, only three intron losses are inferred. Mapping the distribution of intron loss parsimoniously onto the ML tree (Fig. 4) revealed five instances of intron loss (four if M. cancellata is excluded). Constraining the topology so that the 15 intronless taxa form a monophyletic group results in trees 11 steps longer than those most parsimonious (tree length = 312 steps; CIs with and without uninformative characters = 0.638 and 0.521, respectively; RI = 0.765). When M. cancellata is excluded, the remaining 14 intronless taxa form a clade in trees six steps longer than those most parsimonious (tree length = 303 steps; CIs with and without uninformative characters = 0.657 and 0.538, respectively; RI = 0.781). Because a completed heuristic search of the ITS data using parsimony was not possible, information on the phylogenetic placement of the intronless M. coronata unavailable, and not all species within the genus included in this investigation, a more precise estimate of the number of independent losses of the rpoC1 intron in the genus cannot be made. Nevertheless, this intron loss character is clearly homoplastic within Medicago, with a minimum of three independent losses inferred for the group. Small and Jomphe (1989) recognized 12 sections and eight subsections of Medicago, of which all but one subsection (Buceras subsection Deflexae) was not represented in our study. Five sections (Carstiensae, Geocarpa, Heynianae, Orbicularis, and Hymenocarpos) and one subsection (Buceras subsection Reflexae) are monotypic. Of the remaining six sections and five subsections where more than one species was examined for ITS sequence variation, only section Buceras (seven species including M. isthmocarpa) and Spirocarpos subsection Intertextae (four species) are monophyletic. Monophyly of section Buceras is supported by the shared absence of the rpoC1 intron in all examined members. In contrast, section Spirocarpos (and, in particular, its subsections Leptospireae and Rotatae) is highly unnatural with many independent derivations in the cladograms. Sections Medicago and Platycarpae are also clearly polyphyletic.
Phylogenetic resolutions
In addition to Medicago section Buceras and Spirocarpos subsection Intertextae, several additional major clades are recognized in all phylogenetic analyses. As examples, two of these include the group of M. edgeworthii, M. brachycarpa, M. biflora, and M. radiata and the group of M. polymorpha, M. laxispira, M. rugosa, M. lesinsii, and M. syriaca. Many of these major clades have yet to be recognized in any previous taxonomic study. However, the lack of resolution seen in several areas of the MP and ML trees, the weak to moderate bootstrap support prevalent for many of the clades in the former, and the topological differences among MP trees, indicate that we proceed with caution in suggesting relationships within Medicago based on these ITS sequence and rpoC1 intron distributional data.
Discussion
Taxonomic distribution of the rpoC1 intron We have surveyed for the distribution of the intron in chloroplast gene rpoC1 in 65 of the 86 described species of Medicago (Small and Jomphe 1989; Small 1990a Small , 1990b Small and Brookes 1991) . Our results indicate that this intron, having Fig. 4 . Maximum likelihood tree of Medicago derived from nuclear ribosomal DNA ITS 1 and ITS 2 sequences using a transition/transversion rate ratio of 2.0. Branch lengths are proportional to the number of expected substitutions per site (note scale bar at lower right and truncated branch leading to the outgroup Trifolium). Branch lengths that are not significantly greater than zero are collapsed. This tree had a log likelihood value of -2561.75. Sectional and subsectional classification of Medicago is based on Small and Jomphe (1989) ; complete taxon names are presented in Table 1 . The distribution of rpoC1 intron loss is indicated by the solid bars and is optimized on this tree using the criterion of Dollo parsimony. Based on this tree, the intron in chloroplast gene rpoC1 is inferred to have been lost independently a minimum of five times during the evolution of these taxa. When the putative hybrid M. cancellata is removed (indicated by the broken line) and the analysis rerun (log likelihood value = -2535.41), the same tree results and four such intron losses are inferred. Asterisks show those four taxa whose rpoC1 intron presence could not be determined.
been precisely excised from the gene in each of the three species investigated, is absent from 17 species in 5 of the 12 sections recognized in the genus (Small and Jomphe 1989) . The intron is absent from section Geocarpa and all examined members of section Buceras. Sections Medicago, Spirocarpos, and Lupularia are heterogeneous with regard to intron content, whereas the intron is present in all examined representatives of sections Dendrotelis, Carstiensae, Heynianae, Hymenocarpus, Platycarpae, and Lunatae. The intron's presence in section Orbicularis could not be determined.
Phylogenies derived from nuclear ribosomal DNA ITS sequences, estimated using MP and ML methods, reveal that many of the sections and subsections of Medicago are not monophyletic as currently circumscribed and are, in some cases, grossly polyphyletic. These trees, therefore, provide an important historical framework for estimating the number of evolutionary losses of the intron in chloroplast gene rpoC1. The phylogenies suggest that the intron has been lost independently a minimum of three times and, perhaps, as many as six times during the evolution of these plants, assuming that intron regains are impossible. While this assumption may be currently sound for angiosperm chloroplast genomes, the recent origin of introns has been suggested for the plastid genome of the algae Euglena (Thompson et al. 1995) . As a consequence, regains of the rpoC1 intron in Medicago may be a possibility.
Given the relative rarity of documented intron loss in angiosperm cpDNAs at high taxonomic levels (Downie et al. 1991 Downie and Palmer 1992) , the frequent loss of the rpoC1 intron in Medicago is indeed a surprise. Polymorphism for the presence of the rpl2 intron in Bauhinia (also Fabaceae), including three instances of intraspecific polymorphism, has also been reported (Lai et al. 1997) . Evidently, in these two genera at least, intron presence-absence is a very labile character. Whether this pattern of frequent intron loss is unique to these taxa (because of some yet to be discovered molecular process) or extends to other legume genera as well remains to be seen.
In Medicago, the following groups of taxa are distinguished by absence of the rpoC1 intron: (i) M. hypogaea; (ii) Section Buceras; (iii) the clade of M. suffruticosa ssp. leiocarpa and M. hybrida; (iv) the clade of M. lupulina, M. lanigera, M. disciformis, M. minima, and M. tenoreana; and (v) M. cancellata. Two of these groups (i.e., the clades containing M. suffruticosa and M. lupulina) ally in a subset of the MP trees (Fig. 3) . In other subsets of these MP trees, the M. lupulina clade comprises several, separate lineages.
Medicago hypogaea is unusual within the genus in producing its fruits underground. Because its affinities to other Medicago are obscure, it was placed in its own section (Small and Brookes 1984; Small and Jomphe 1989) . The molecular data presented herein, however, suggest that it may be sister to a large, 32-taxon clade that includes M. polymorpha, M. sativa, and M. shepardii (Figs. 2-4) .
All examined members of Medicago section Buceras (i.e., M. medicaginoides, M. polyceratia, M. fischeriana, M. monantha, M. orthoceras, M. monspeliaca, and M. isthmocarpa) lack the rpoC1 intron and are monophyletic based on the ITS sequencing results. The fruits of Buceras also suggest monophyly, unusual in the genus by being linear and mostly subterete. The presence of this section, along with the clade of M. edgeworthii, M. brachycarpa, M. biflora, and M. radiata, at the base of the ML tree supports, in part, Small's (1987 Small's ( , 1989 tentative phylogeny for the group, where it was suggested that sections Buceras, Lunatae, and Platycarpae represent basally branching lineages.
Medicago suffruticosa ssp. leiocarpa and M. hybrida lack the intron and are sister taxa in all phylogenetic analyses. While both Small and Jomphe (1989) and Lesins and Lesins (1979) considered these species in section Medicago (or subgenus Medicago), Lesins and Lesins placed them together in their own subsection, Suffruticosae. While the ITS results presented herein support a close relationship between M. suffruticosa and M. hybrida, it also shows that these two species are distantly related to other members of section Medicago. This isolation of M. suffruticosa and M. hybrida from the other members of this section is also supported by chemical data (Classen et al. 1982) .
Medicago lupulina, M. lanigera, M. disciformis, M. minima, and M. tenoreana comprise a clade in the ML tree (Fig. 4) and in a subset of the MP trees (Fig. 3) . In the MP strict consensus tree, however, their relationships are not resolved (Fig. 2) . With the exception of M. lupulina, which has been treated alongside the rpoC1 intron-containing M. secundiflora in section Lupularia, all remaining taxa have been placed in Spirocarpos subsection Leptospireae (Small and Jomphe 1989) .
Medicago cancellata, a putative allopolyploid between M. sativa and M. rupestris (Lesins and Lesins 1979; Small 1987) , is also characterized by absence of the rpoC1 intron. The four accessions of M. sativa examined all possess the intron, whereas material of M. rupestris was unavailable for analysis. It would definitely be valuable to ascertain the presence of the intron in the latter.
Alternative scenarios
One alternative explanation to account for the distribution of rpoC1 intron loss in Medicago, a scenario proposed for the variable presence of the rpl2 intron in Bauhinia (Lai et al. 1997) , is ancestral polymorphism for the loss and subsequent lineage sorting. Plastid polymorphism, relatively rare in angiosperm cpDNAs, is known from Medicago (Johnson and Palmer 1989) . Moreover, species of Medicago have been reported to exhibit biparental inheritance, a mechanism leading to cpDNA heterogeneity (Smith et al. 1986; Johnson and Palmer 1989) . In this lineage sorting hypothesis, only a single loss of the intron is required. With the exception of the branches leading to M. cancellata, all potentially polymorphic branches are found near the base of the trees; thus, polymorphism is not required to persist beyond a few speciation events. The absence of the intron, however, in M. cancellata (and M. coronata, not examined for ITS sequence variation but putatively allied to M. praecox; Small and Jomphe 1989) would require that the polymorphism be retained over what is likely to have been a long evolutionary period. Nevertheless, where plastid polymorphism occurs, the potential for lineage sorting exists.
Another explanation is that the ITS trees (and traditional taxonomy) are unreliable indicators of phylogenetic history and that rpoC1 intron loss should be considered an unambiguous marker of monophyly within the genus. It may be possible that lineage sorting of ancestral ITS polymorphisms has led to erroneous species tree inference from the ITS data. As gene sequence data from the plastid genomes of these plants become available, this hypothesis can be tested.
Phylogenetic utility of intron loss characters
Surveys of angiosperm chloroplast genomes for structural rearrangements have shown that intron loss characters may often be homoplastic. Downie et al. (1991) first reported the loss of the rpl2 intron from a minimum of six different dicot lineages, whereas Doyle et al. (1995) hypothesized four additional losses of the rpl2 intron in Fabaceae. Multiple losses of the rpl2 intron in Bauhinia, including intron presence polymorphism for three species, have also been described (Lai et al. 1997) . The intron in chloroplast gene rpoC1 has evidently been lost multiple times in the angiosperms, in such diverse families as Goodeniaceae, Passifloraceae, Cactaceae, Poaceae, Aizoaceae, and Fabaceae . Other homoplastic intron losses include those in the chloroplast genes rpl16 and rps12 (Downie and Palmer 1992; Hoot and Palmer 1994; Freyer et al. 1995; Campagna and Downie 1998) . In this study (and that of Lai et al. 1997) , it has been demonstrated that intron loss can occur repeatedly within a genus, severely reducing the utility of this character as an unambiguous phylogenetic marker at least at this level of phylogenetic analysis.
Conclusions
The primary objective of this study was to survey for the occurrence of the plastid rpoC1 intron in Medicago. To ascertain the historical pattern of intron loss, and in the absence of any existing rigorously constructed phylogenetic estimate for the group, a comparative analysis of nuclear ribosomal DNA ITS sequences was simultaneously undertaken. Our main goal was not to carry out a thorough molecular systematic revision of the group but to ascertain the utility of rpoC1 intron loss as a phylogenetic marker. On these bases, it is inferred that the rpoC1 intron has been lost independently a minimum of three times during the evolution of these plants. While each of these intron loss characters has potential to demarcate clades, the availability of an independent data set is paramount to ascertain the extent of homoplasy of this intron loss character. Because of the conservative nature of ITS sequence evolution in Medicago, further resolution of relationships and intron loss will require the incorporation of additional molecular and nonmolecular data. These studies are currently in progress (K. Steele, unpublished data). Once a robust phylogenetic hypothesis is at hand, trends in the evolution of morphological, cytological, ecological, and phytochemical characters, as well as a more precise estimate of the number of independent losses of the rpoC1 intron in the genus, can be assessed.
